Males of the hymenopteran Diadromus puichellus are normally haploid, but diploid males can be obtained by inbreeding. Inbred crosses within strains that are polymorphic at the enzymatic loci Pgm-2 and Ao-4 or that differ by a body colour mutation produce heterozygous diploid males in offspring. The genotypic distributions observed in such progeny were compared with expected results under the one-locus sex determination model or the two independent loci model. The results show that only the one-locus multi-allele model fits the data and allow a provisional estimate of 15 sex alleles. These conclusions generalize the case of existence of a single locus to determine sex in Hymenoptera and are discussed at the evolutionary level.
Introduction
Sex determination in the order Hymenoptera is based on arrhenotoky except in cases of secondarily thelytokous species. Hymenopteran males are usually haploid and females diploid, but in some species diploid males can be produced by inbred crosses. At the genetic level, several mechanisms have been proposed to explain sex determination (review in Crozier, 1977; Bull, 1983; Poirié etal., 1992) .
The available data have demonstrated that sex determination is controlled by multiple alleles at a single locus in some hymenopteran species, e.g. Bracon hebetor, Ichneumonoidea (Whiting, 1943) , Apis mellifera, Apoidea (Drescher & Rothenbuhler, 1964) and A. cerana indica (Woyke, 1979) , Solenopsis invicta, Formicoidea (Ross & Fletcher, 1985) and Athalia rosae ruficornis, Tenthredinoidea (Naito & Suzuki, 1991) . In this one-locus multi-allele model, diploid females are considered as being heterozygous for two alleles while males can be obtamed from unfertilized eggs (haploid-hemizygous for one sex allele) or from fertilized eggs (diploid-homozygous for one sex allele). In any single pair cross, a maximum of three alleles can *Present address: Department of Entomology, Am Shams University, Abassia, Cairo, Egypt. Correspondence: G. Periquet. polymorphism, genetics, Hymenoptera, sex deter-420 be involved, one paternal and two maternal. Sib-sib matings should therefore rapidly yield diploid males since 50 per cent of the diploids in each generation should be homozygous. Results of inbreeding experiments were consistent with these expectations in the few species quoted above but the failure to rapidly obtain diploid males in other Hymenoptera of the chalcidoidean superfamily such as Nasonia vitripennis (Whiting, 1960) , Melittobia species (Schmieder & Whiting, 1947) and Dinarmus vàgabundus (Rojas- Rousse et al., 1988) deprives this hypothesis of generality.
To explain this difficulty in producing diploid males, Crozier (1971) proposed a multi-locus multi-allele model in which individuals that are heterozygous for one or more of these loci are necessarily females while males are hemizygous or homozygous at all sex loci. In this view, the one-locus model appears to be a special case of the multi-locus model in which all but one of the loci are monomorphic. Considering the importance of these models, both at the genetic and the evolutionary levels, more investigation is needed to determine the level of generality for other hymenopteran families. In Diadromus puichellus, biparental males have been observed and found to be diploid (Hedderwick et al., 1985) . Production of these diploid males by inbreeding, using several genetically different strains has been performed. The results of these experiments are presented here and show that sex determination in this species is congruent with the one-locus multi-allele model.
Materials and methods

Strains
Diadromus puichellus is a solitary endoparasitoid of the Lepidoptera Acrolepiopsis assecrella. In this experiment, a black-bodied wild strain (Siagne 83) collected in the south of France and a yellow-bodied strain carrying the recessive J82 mutation were used (Hedderwick et a!., 1985) . The stocks were bred en masse, on host pupae, using the Lecomte and Thibout technique (1983) . Briefly, the parasitoids were reared in cages at 25°C, 60 per cent + 10 per êent relative humidity (r.h.) during the 16 h/day photophase and at 15°C, 70 per cent + 10 per cent r.h. during scotophase.
For the breeding experiments involving one pair of parasitoids, 10 pupae of 24-hour-old Acrolepiopsis assectella were presented every day for 20 days to each
Diadromus female for oviposition. The lepidopteran host strain was the standard stock bred in the laboratory (Auger & Thibout, 1983) . In parallel, taking into account the allozyme polymorphism known in this species (Shaumer et a!., 1978) , analyses were performed with individuals from the wild strain, for the phosphoglucomutase system (two loci Pgm-1 and Pgm-2 with F and S alleles at each locus) and for the aldehyde oxydase locus no. 4 (Ao-4, also di-allelic in our strains).
Basic models and protocol of crosses According to the results of Hedderwick et a!. (1985) , males that are heterozygous for an enzymatic locus or for the body colour locus, are diploid and can be easily detected. The expected values depend, of course, on the model chosen but also on the ability of hymenopteran females to produce unfertilized eggs developing into haploid males. Let f be the frequency of fertilized eggs in a cross and (1 -f) that of unfertilized eggs. As f is variable from cross to cross, it needs to be estimated in each case by a maximum likelihood function based on the sex determination model. For the two-locus multi-allele model, a similar reasoning leads to the values given in Appendix 2. The G1 female is assumed to be heterozygous for both sex loci which are independent from each other and from the enzymatic locus. The estimate off is given by equations 2 and 2', and the expected values deduced.
In a second set of experiments, crosses were performed between individuals from the wild strain and from the yellow mutant strain, to detect diploid males using body colour. The diagram of crosses is presented in Fig. 1 . Parental crosses between one homozygous black female (j/j) and one yellow male (j) gave G1 heterozygous black females. One of them (j + /J) backcrossed to her father (j), yielded G2 black and yellow offspring of both sexes. From one of the G2 yellow females (j/j) thus obtained, crossed with one of its black brothers (j), we finally obtained G3 black females (j/j), yellow haploid males (j) and black biparental males (j/j) which are diploid and fully viable. Twenty-two such G2 families were produced independently and their G3 progeny were sexed and scored.
Under the one-locus multi-allele model, the transmission of the sex alleles and of the j, j alleles in these crosses is presented in Fig. 2 , assuming no linkage between the loci. The biparental black males of the G3 generation are expected to occur at a 1:1 ratio with the black females. This ratio is of course expected to decrease for other models as diploid males become rarer when the number of sex loci increases. Under the two independent loci (Xl and X'l) multi-allele model, the expected ratio of diploid males to females is 1:3 in the G3 generation (see Appendix 3). 
Results
Experiments with the enzymatic systems From the 10 independent families, 13 individual backcrosses involving a heterozygous female and her father were used (3 of the 10 G2 females being heterozygous for two enzymatic loci, their progeny were scored for each system). The progeny numbers are given in Table 1. For each model, the estimate off and the chi-square values are given. The f values, generally above 0.5, are too variable to allow data pooling. Considering the chisquare values calculated, it appears clearly that the one-locus multi-allele model correctly fits the data (no significant value out of 13), whereas the two-locus Most frequently, the two-locus model does not fit because the number of expected heterozygous males is lower than the number observed. This point confirms that the one-locus model is sufficient to interpret these data. Note that the quality of fit with the Pgm-1, Pgm-2 and Ao-4 Joci also suggests that the genetic independence between these loci and the sex locus can be accepted.
Experiments with the body co/our mutant strain The 22 inbred families independently obtained lead to G2 crosses between one yellow female (j/j) and one of her black brothers (j). In their progeny, black females, diploid black males and haploid yellow males were scored. Results are presented in Table 2 . The mean frequency of yellow males (1 -f) was 0.40 in the G3
progeny, leading to a direct estimate of fertilization at f= 0.60, a value close to those obtained previously by the likelihood method. However, in each experiment, as black males are necessarily obtained from fertilized ova, their ratio to black females is independent of f. It is therefore possible to pool the data on the total (test of heterogeneity x2 = 10.8, ns) in order to test the two sex determination models. Once again, it appears clearly that the one-locus multi-allele model provides the best fit for the data. In each family, the observed frequencies of females and diploid males are very similar and the total numbers agree with the 1:1 ratio (x2=°.l8 ns) but not with the 1:3 ratio (x2 = 205.9***). These results also point to the genetic independence of the yellow body colour locus from the Apoidea (bee) (Crozier, 1977; Ross & Fletcher, 1985;  sex locus. Kukuk & May, 1990; Naito & Suzuki, 1991; Poirié el al., 1992) . A summary of these results is given in Table   Discussion 3 where the species are grouped at the superfamily level.
To date, male diploidy has been reported only in Diploid males have been found in every group several hymenopteran genera from the 'primitive' substudied. The one-locus model has been attested at least order of Symphyta (sawfly) to the more recent family of once in these groups except in the Chalcidoidea which The present analyses of crosses leading to the generation of diploid males in D. puichellus allow us to state that the one-locus model of sex determination is the most plausible in this species of the family Ichneumonidae. These data, the first reported in favour of this model in Ichneumonidae, must be associated with the similar results obtained from the related Braconidae (Whiting, 1943) . Taken together, these conclusions reinforce the generality of the one-locus model of sex determination in the Ichneumonoidea superfamily and rajse the question of its generality for the entire order of Hymenoptera.
Within other hymenopteran species having a single sex locus, estimates of 19 sex alleles have been reported for Apis melhfera (Adams et al., 1977) , 9 for
Bracon hebesor (Whiting, 1960) and about 15 for Solenopsis invicta (Ross & Fletcher, 1985) . In D.
pulchellus, the presence of 4-5 per cent of heterozygous males for the Ao-4 and the Pgm-2 locus respectively, in samples collected from natural populations (Hedderwick et a!., 1985) suggests a similar number of sex alleles. Actually, if we consider that the equilibrium frequency of each allele is 1/n, where n is the number of alleles (Bull, 1983) , the expected frequency of diploid males issued from fertilized zygotes will be n( 1/n)2 = 1/n in a population panmictic for this locus. The relative frequency of diploid males (d) among the males of the entire population depends on the proportion of fertilized zygotes (f) and will be d = (f/n)! (f/n + 1 -f). With an average value of f= 0.50, the percentage of diploid males will range from 13 to 7 per cent, with n varying from 10 to 20. If we assume that the population lies at the Hardy-Weinberg equilibrium for a di-allelic locus (e.g. an enzymatic marker), the frequency of heterozygous males amoung the males Formation of the G2 progeny:
Analysis of the four classes in the G2 progeny
Observed number a1 a2 a3 a4
Expected proportion f/2
Maximum likelihood estimate of f given by the solution of:
for a back-cross 9F/S x dF for aback-cross 9 F/SX d F
3f2(a1 + a2 + a3 + a4)-f(7a1 + 3a2 + 7a3 + 4a4)+4(a1 + a3) 0 for a back-cross 9 F/S x dS Appendix 3 Under the two independent locus (Xl and X'l) multi-allele model, the expected ratio of diploid males in the G3 generation can be calculated as follows.
Take a G1 back-cross between a male j;X1;X'l and a female + /j, heterozygous for the two sexual loci X1X2;X'JX'2 (which is generally true as the female is generated by random crosses from the base population). If we assume that a female must be heterozygous at least at one sex locus, three types of yellow females are generated, with the same frequency, at the G2 generation (X1X1;X' 1X'2 -XJX2,X' lx'] -
